Abstract: In this study, we aim to maximize the achievable rate for a visible light communication (VLC) downlink multiuser multiple-input-single-output (MISO) system deployed with zero-forcing (ZF) beamforming. By incorporating the ZF, transmit signal's nonnegativity, and light-emitting diode (LED) maximum permissible current constraints, we formulate the rate maximization problem of interest, which possesses a complicated nonconvex form. To handle this challenging problem, we first employ the powerful concave-convex procedure to develop an iterative algorithm that converges to a locally optimal solution. Subsequently, by exploiting the high signal-to-noise ratio (SNR) characteristic in VLC, we simplify the primal nonconvex design problem into a solvable convex one that admits a high-quality solution.
Introduction
Visible light communication (VLC) has recently become a popular area by virtue of a number of merits such as license-free spectrum, immunity to radio frequency (RF) interference, and high signal-to-noise ratio (SNR) [1] - [5] . Unlike traditional RF communications, low cost light-emitting diode (LED) and photodiode (PD) are commonly employed as optical transmitter and receiver in VLC. Moreover, due to the non-coherence of the visible light, VLC typically adopts intensity modulation/direct detection (IM/DD), which gives rise to many new challenges for system designs.
Multi-antenna technology, renowned as a breakthrough in wireless communications, tremendously enhances the data rate of wireless communications without increasing system bandwidth or transmit power [6] - [8] . Among various multi-antenna transmission strategies, transmit beamforming has attracted a lot of attentions owing to the capability of strengthening the intended signal or suppressing co-channel interference [9] - [13] . Despite the fact that the multi-antenna technique has been extensively investigated in RF communication systems, it can be naturally integrated in VLC since multiple LEDs are usually deployed in a room for efficient illumination. A few recent efforts, e.g., [14] - [20] , have been invested on this topic. More concretely, [14] established a framework of single user multiple-input multiple-output (MIMO) VLC systems. The authors of [15] further considered the joint optimization of the VLC MIMO transmitter and receiver. Different from [14] and [15] , [16] - [20] studied a more general scenario with presence of multiple users, where the LED transmitters communicate with all users simultaneously via transmit beamforming techniques such as zero-forcing (ZF) beamforming. Although [16] - [20] have concerned various beamforming design criteria, most of them did not cover information-theoretic achievable rate, which is a fundamental performance metric in digital communications.
In this work, we are interested in the rate maximized ZF beamforming design in the context of VLC multiuser multiple-input single-output (MISO) downlinks. Due to the specific feature of VLC such as the non-negativity constraint imposed by intensity modulation and the maximum allowable current constraints of the LEDs, the formulated problem turns out to be non-convex and is much more difficult than the one under the conventional RF case [13] . Our major contribution is to deal with this intricate problem from three different perspectives by virtue of some powerful and efficient mathematical programming tools. First, by making use of the particular form of this problem, we devise an iterative algorithm to find a locally optimal solution based on the concave-convex procedure [21] , [22] . Alternatively, inspired by the fact that the SNR in VLC is usually high [4] , [5] , we develop a simplified method that only needs to solve one convex problem. In addition to the aforementioned two methods, we also study another approach that optimizes the power allocation among multiple users while fixing the beamforming matrix with a channel pseudoinverse structure. We would like to highlight that, compared to [19] where min-max fairness was adopted as the performance measure, our work attempts to maximize the system achievable rate which is an important metric for evaluating communication efficiency. Moreover, different from the achievable rate in [16] that was obtained based on the approximated bit error rate (BER) for pulse amplitude modulated (PAM) signals, the rate objective in our work is more fundamental since it is derived from an information-theoretic perspective. Regarding the technical novelty, as far as we know, it is the first time that the concave-convex procedure is adopted to deal with the beamforming optimization problem for VLC multiuser MISO systems. In addition, instead of simply utilizing existing mathematical tools, we also exploit the high SNR characteristic of VLC when developing the simplified beamforming optimization algorithm.
To facilitate the reader, we here summarize the notations used throughout the paper. Matrices and vectors are represented by bold uppercase and lowercase letters, respectively. ðÁÞ T and ðÁÞ y respectively denote the transpose and matrix pseudoinverse operations. jaj, kak 1 , and jAj are the absolute value of scalar a, the ' 1 norm of vector a, and the determinant of matrix A, respectively. Aðn; :Þ returns the nth row of matrix A. diagfag denotes a diagonal matrix with its diagonals being the entries of vector a. EfÁg stands for the expectation operation. minfa; bg returns the minimum of scalars a and b. R mÂn is the ensemble of all m Â n real matrices. I represents the identity matrix.
System Model and Beamforming Optimization Problem

A VLC Downlink MISO Multiuser System
We consider an indoor VLC system where N LED transmitters illuminate a room and meanwhile communicate with K distributed users concurrently. An illustrative example with N ¼ 9 and K ¼ 3 is depicted in Fig. 1 . We elaborate the specific model of the VLC system under concern as follows.
Let us denote the real-valued source symbol vector with x ¼ ½x 1 ; . . . ; x K T , where x k ; k ¼ 1; . . . ; K represents the data symbol intended for user k . For simplicity, we assume that x k 2 ½À1; 1 and Efx k g ¼ 0. Due to the broadcasting nature of the transmission under study, there will be strong inter-user interference at each user if we do not devise the transmit preprocessing scheme carefully. One efficient approach to suppress the co-channel interference among multiple users is employing the well-known linear transmit beamforming technique in the baseband module of the transmitter. Specifically, we first acquire downlink channel state information (CSI) at the transmitter side via a feedback link, which will be used for calculating the beamforming vectors of all users later. Then, based on the obtained CSI, we compute the beamforming vectors whose details will be elaborated in Sections 2.2 and 3. Afterwards, we multiply the transmit symbol of each user k by the corresponding beamforming vector b k 2 R NÂ1 which yields u k ¼ b k x k . Subsequently, we sum up all u k 's and obtain a beamformed symbol vector as
. . . ; b K is the beamforming matrix. In order to fulfill the non-negativity constraint due to the intensity modulation in VLC, we add a direct current (DC) offset vector d to s such that the LED input t ¼ s þ d has non-negative entries. Moreover, each entry of t should not exceed a given value that represents the maximal permissible current of LED. Finally, the electrical signal t is converted to an optical transmit signal via LEDs. Note that, since
can be interpreted as the vector consisting of the optical powers of all LEDs.
We adopt a commonly used indoor VLC channel model where only a line-of-sight (LOS) propagation path exists [1] , [14] - [20] . According to this model, the channel between the nth LED and the k th user takes the form
where k is the PD responsivity of the k th receiver, A k denotes the receiver collection area of user k , l k ;n stands for the distance between the nth LED and the k th user, R o ð k ;n Þ represents the Lambertian radiant intensity with k ;n being the irradiance angle, k ;n denotes the incidence angle, and c;k is the receiver field of view (FOV). A k is calculated by ð 2 k =sin 2 ð c;k ÞÞA PD;k where k and A PD;k represent the optical concentrator refractive index and the PD area, respectively, and R o ð k ;n Þ is given by ððm þ 1Þcos m ð k ;n ÞÞ=2, where m is the order of Lambertian emission.
By gathering the channel gains of all K Â N links, we eventually acquire a channel matrix H 2 R K ÂN with h k ;n being its ðk ; nÞth entry. For each user k , the received signal after direct detection can be expressed as
where h T k is the channel between the k th user and all LEDs, and z k is the noise term which is usually assumed to be a real-valued zero-mean Gaussian variable with its variance defined by where e ch is the electronic charge, P r ;k ¼ P N n¼1 d n h k ;n is the average received optical power with d n being the nth entry of d, amb is the ambient light photocurrent, B is the system bandwidth, and i amp is the pre-amplifier noise current density.
Rate Maximization Problem Formulation
In this study, we aim to optimize the transmit beamforming matrix B in order to maximize the overall achievable rate of the above introduced VLC downlink multiuser system. Unlike the conventional RF systems, the classical Gaussian signaling is not optimum for optical intensity channels any more [23] , [24] . Hence, it is necessary to analyze the transmission rate of the considered VLC system instead of directly applying the known rate result in RF systems.
To the best of our knowledge, the achievable rate of downlink MISO VLC in presence of multiuser interference is still unknown and cannot be obtained directly from the rate expression in conventional RF systems. Accordingly, to simplify the rate analysis and also the beamforming optimization problem, we restrict ourselves to an intuitive but efficient ZF beamforming strategy that nulls out inter-user interference and can be expressed by [13] 
where
Owing to (4) , the data communication between multiple LEDs and each user is now only subject to receiver noise. Then, by invoking the system model in Section 2.1 and previous works [25] , [26] , we are able to derive an achievable rate of VLC multiuser MISO downlinks as follows:
We would like to point out that, as stated in [4] and [5] , the SNR in VLC systems is usually high. Therefore, it can be expected that ZF beamforming can achieve satisfactory performance in downlink multiuser MISO VLC systems. Before stating the problem formulation, we need to introduce a constraint on B to guarantee that the input signal of each LED is non-negative and does not exceed a certain value d max that denotes the maximum permissible current. Recall that the LED input t ¼ Bx þ d. Therefore, the inequality Àd n Bðn; :Þx d max À d n must hold. Since jx k j 1, it follows that B should satisfy the ' 1 norm constraint
In summary, based on the rate expression in (5) and the constraints in (4) and (6), we formulate the rate maximized ZF beamforming optimization problem as follows:
where d 0 n ¼ minfd n ; d max À d n g. We would like to note that, the above rate objective is derived from an information-theoretic perspective and, hence, is more fundamental than the one in [16] , which was obtained based on the approximated BER of PAM signals. Moreover, we incorporate a ZF constraint in the beamforming design problem instead of directly fixing B with a channel pseudoinverse structure as [16] . In fact, as will be evidenced in Section 4, the latter scheme with a fixed beamforming structure incurs a noticeable performance loss. By comparing with the ZF beamforming optimization in RF systems [13] , we find that problem (7) is more challenging since it is non-convex and cannot be transformed into an equivalent convex problem with the method in [13] due to the ' 1 norm constraint in (6) . Note that, convex problems can always be solved via interior point methods in polynomial time while non-convex problems do not enjoy this merit in general [27] . For non-convex problems, it is usually quite hard to determine their optimal solutions. In the sequel, we will provide several methods to deal with the difficult non-convex problem shown in (7).
Optimized ZF Beamforming for VLC Multiuser MISO Downlinks
In this section, we first advocate an iterative algorithm to determine a locally optimal solution to problem (7) . Then, by applying a high SNR approximation, we propose an alternative optimization method that has a lower complexity and meanwhile performs close to the former approach. Finally, we develop a suboptimal solution via fixing the structure of the beamforming matrix and optimizing the power allocation among multiple users.
An Optimal Solution via Concave-Convex Procedure
As illustrated in Section 2.2, the major difficulty of solving the problem in (7) lies in the nonconcave objective function. To handle this, we first introduce slack variables t k ; k ¼ 1; . . . ; K and recast problem (7) as
Compared to the primal problem in (7), the above objective function becomes concave but a new non-convex constraint 2 k ! t k appears. Notice that, we can rewrite this constraint as t k À 2 k 0 whose left-hand side is in fact the difference of two convex functions. Therefore, problem (8) belongs to difference of convex programming [28] and hence we are able to leverage the wellestablished concave-convex procedure [21] , [22] to find its locally optimal solution. Concretely, the algorithm involves an iterative process. In the ith iteration, we replace the quadratic term (8) is simplified into a convex form as follows:
which can be optimally solved by popular convex optimization software packages such as CVX [29] . T gj 1=K and then calling the "det_rootn" function.
A Simplified Solution Using High SNR Approximation
The above proposed algorithm requires solving a sequence of convex problems in an iterative manner, which may consume relatively high computational efforts. To address this issue, we now develop a reduced-complexity approach that only needs to solve one convex problem while incurring a very minor performance loss compared to the algorithm shown in Fig. 2 .
The motivation of the simplified method stems from the fact that the SNR in VLC systems is usually very high owing to the illumination requirement [4] , [5] . Accordingly, we can neglect the constant term 1 in the achievable rate expression in (5) and obtain a new objective as
which is indeed a concave function with respect to k . Therefore, based upon the high SNR approximation, the primal non-convex problem in (7) becomes a convex one as
At this point, we illustrate the high SNR approximation based method in Fig. 3 . Similar to problem (9) , it is beneficial to write the above objective as j ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2=ðeÞ p
when adopting CVX to solve this problem. Moreover, it will be verified via simulations in Section 4 that solving the simplified problem in (11) only leads to a negligible rate loss compared to the concave-convex procedure based algorithm in Fig. 2 .
Channel Pseudoinverse Based Solution
A common feature of the methods in Sections 3.1 and 3.2 is that we impose a constraint
T g on the beamforming matrix B to characterize its ZF property. In literature, an alternative ZF beamforming based on channel pseudoinverse has been concerned in both RF [12] , [13] and VLC [16] , [19] , [20] downlink systems, which takes the form
In particular, [13] has proved that such ZF scheme does not lose optimality in terms of fairness and throughput performance under RF multiuser MISO systems with a sum power constraint, while the conclusion does not hold for the more complicated per-antenna power constraints. Furthermore, concerning VLC multiuser MISO systems with per-LED optical power constraints, a recent work [19] studied ZF beamforming optimization from a min-max fairness perspective, which reveals that the channel pseudoinverse based ZF solution can only achieve suboptimal fairness performance. However, to our best knowledge, whether this conclusion still applies to the information-theoretic achievable rate performance measure has not been investigated before. Accordingly, we here also discuss the rate maximization problem by fixing the beamforming matrix with (12) , where k 's are to be optimized. To be more specific, we substitute (12) into problem (7) and obtain
Although this problem is non-convex due to the non-concave objective, both methods proposed in Sections 3.1 and 3.2 can be applied to address it after a few slight modifications. Concretely, for the concave-convex procedure based algorithm in Section 3.1, the convex problem to be solved in the ith iteration should be updated by plugging (12) into problem (9) , which gives while the other steps of the algorithm in Fig. 2 remain unchanged. For clarity, we illustrate the algorithm of calculating the channel pseudoinverse based solution with concave-convex procedure in Fig. 4 . As for the high SNR approximation based method in Section 3.2, by exploiting problem (11) and the fixed structure in (12), we acquire a new convex problem with respect to k as follows: Accordingly, the corresponding algorithm for obtaining the channel pseudoinverse based solution is shown in Fig. 5 . Note that, despite the fact that we only need to address the power allocation problem in (14) or (15), fixing B with the channel pseudoinverse structure in (12) is a suboptimal strategy and can cause performance degradation, as will be verified in Section 4.
Simulation Results
We study the achievable rate performance of the following ZF beamforming schemes via simulations:
• the concave-convex procedure based iterative algorithm in Section 3.1 (Scheme I);
• the high SNR approximation based approach in Section 3.2 (Scheme II);
• Scheme I with fixed channel pseudoinverse structure in Section 3.3 (Scheme III);
• Scheme II with fixed channel pseudoinverse structure in Section 3.3 (Scheme IV). The system parameters are listed in Table 1 , and the arrangement of LED arrays is shown in Fig. 6 Fig. 7 . It can be observed from the figure that Scheme I performs best due to its optimality. Moreover, Scheme II exhibits almost the same performance as Scheme I, although a very minor rate loss occurs when the optical power per LED equals −10 dBW. This phenomenon verifies the effectiveness of the approximation employed in Scheme II. Fig. 7 demonstrates that Schemes III and IV achieve lower rates than Schemes I and II because they fix the beamforming matrix with a suboptimal channel pseudoinverse form, which is in consistent with the observations gained in RF downlink multiuser systems [13] . As a second example, we focus on a case where three users are close to each other. We set the coordinates of three users to [ Fig. 8 . Compared to the results in Fig. 7 , we observe a noticeable performance degradation of all the considered schemes. This is due to the fact that the close proximity of different users leads to high channel correlation which deteriorates the performance advantage of spatial multiplexing.
We further investigate the performance of the proposed algorithms under a scenario where LED arrays are closely located ðLED array pitch ¼ 0:65 mÞ. The simulated results are provided in Figs. 9 and 10 , where the user locations are the same as those in Figs. 7 and 8 , respectively. By comparing Figs. 9 and 10 with Figs. 7 and 8, we find that, when LEDs are also closely located, the achievable rates of the proposed schemes generally degrade since channel correlation becomes higher. Moreover, it is interesting to observe that, the degradation is negligible Fig. 9 . Achievable rate performance of all proposed methods (nine LED arrays are closely located, and three users are far from each other). when users are close to each other, which is due to the fact that channel correlation is not sensitive to the distance between LEDs under this case.
Finally, we carried out simulations to depict the achievable rate distribution versus different user locations in the room. Specifically, we fix the coordinates of two users with [1.2,3.5,0.85] and [3.5,1.2,0.85], and change the third user's location. The optical power per LED is set to 8 dbW. We only consider Scheme II since it performs quite close to the optimal Scheme I with a reduced cost. The simulated results are provided in Fig. 11 , from which we find that a relatively high rate can be achieved when the third user is not near any of the other two users, while the rate degrades significantly when the opposite happens.
Conclusion
We maximized the achievable rate for VLC multiuser MISO downlinks that apply zero-forcing beamforming. To address the corresponding intricate problem, we advocated a locally optimal iterative algorithm utilizing the concave-convex procedure, a simplified method employing a high SNR approximation, and a suboptimal approach fixing a channel pseudoinverse beamforming structure. Simulations demonstrate that the iterative and simplified solution exhibit almost the identical rate performance, and both of them outperform the channel pseudoinverse based solution.
